In this study, cobalt supported oil palm shell activated carbon (Co/OPS-AC) and ZSM-5 zeolite (Co/ZSM-5) catalysts have been prepared for dry reforming of methane. Cobalt ratios of 6.0 and 14.0 wt% were deposited via wet impregnation method to the OPS-AC and ZSM-5 catalysts. The catalysts were characterized by XRD, N 2 adsorption-desorption isotherms, BET surface area, SEM, FESEM-EDX, TPR-H 2 , and TPD-NH 3 . The dry reforming of methane was performed using a micro reactor system under the condition of 10,000 ml/h.g-cat, 3 atm, CH 4 /CO 2 ratio of 1.2:1.0 and temperature range from 923 K to 1023 K. The gaseous products were analyzed by gas chromatography (GC) with thermal conductivity detector (TCD) and further quantified to determine the conversions of CH 4 and CO 2 , and the yields of CO and H 2 . Experimental results revealed both catalysts exhibited lower conversions of CO 2 and CH 4 with the increase in temperature from 923 K to 1023 K. The reduced conversions may be due to the formation of carboneous substance on the catalyst known as coking. Comparatively, Co/OPS-AC gave higher conversions of CO 2 and CH 4 as well as higher yields of H 2 and CO as it has a higher surface area than Co/ZSM-5 which subsequently rendered higher activity for the reforming of methane. With the increasing cobalt loadings and reaction temperature, OPS-AC(14) catalyst exhibited improved activity and H 2 /CO ratio. Based on these results, cobalt supported OPS activated carbon catalyst was suggested to be more effective for CO 2 and CH 4 conversions.
Introduction
The dry reforming of methane is mainly conducted at atmospheric pressure with only few studies reported at elevated pressure (Corthals et al. 2011) . However, the reaction of dry reforming of methane should be investigated under pressure due to the consecutive reaction, such as methanol synthesis in the gas to liquid (GTL) process and dimethyl ether (DME) are operated at high pressure (Omata et al. 2004 ). Hence, the catalytic effect of dry reforming of methane at high pressure is also an important topic to be investigated. Furthermore, methane is typically preserved at high pressure in natural gas field. The major drawback for the reaction at high pressure is inclination of coke formation and catalyst deactivation (Nagaoka, Takanabe, and Aika 2004) .
The conversion of greenhouse gases (CO 2 and CH 4 ) is a beneficial process such as production of syngas in carbon dioxide reforming of methane. However, the commercialization of carbon dioxide reforming of methane is a great challenge due to the severe deactivation of the catalyst active sites. In addition, the most of the employed catalysts such as Ni based catalysts in the carbon dioxide reforming of methane suffer from a severe catalyst deactivation such as coke formation, sintering effect due to high reaction temperature and metal oxidation. Therefore, cobalt-based catalysts and noble metal catalysts are favored for catalytic reactions due to high activity, less side reactions such as low water-gas shift activity and high selectivity of desired products. Even though noble transition metals such as Ru, Pd, Pt are better in reaction performances, the exorbitant price hinder the metals utilization in large scale. Hence, cobalt catalysts with good reaction performances are comparatively inexpensive than the transition metals.
In Malaysia, palm shell plantations offer large amount of biomass feedstocks such as oil palm fronds, empty fruit bunches (EFB), oil palm kernel shells (PKS), and mesocarp fibres (MCF). The generated wastes from oil palm were widely employed for the application in adsorption (Hasnain Isa et al. 2007; Ho and Ofomaja 2006; Sajab et al. 2013; Tan, Hameed, and Ahmad 2007) but less application as supported catalysts (Sumathi et al. 2010 ) (Baroutian et al. 2011) or catalysts in chemical reactions (Abbas and Daud 2009, 2010) .
The characterization of oil palm shell activated carbon (OPS-AC) suggests a good selection as a catalyst support with the additional attributes of having a high surface area, high volume, rich in micropores and high carbon content. The cobalt precursor is dispersed onto the surface of porous materials to enhance the active metal sites on the catalytic surface. In addition, the porous supports of OPS-AC and ZSM-5 zeolite were selected to compare the catalyst surface area, pore diameter, pore volume, and metal-support interaction that have great effect on size, dispersion, and catalytic performance of cobalt catalysts.
In this article, the physical and chemical properties of both supports ZSM-5 zeolite and OPS-AC were investigated by XRD, N 2 adsorption-desorption isotherm, BET surface area, SEM, FESEM-EDX, TPR-H 2 , and TPD-NH 3 . The catalytic testings of dry reforming of methane were conducted in a micro-reactor system. The effect of reaction temperature and type of supports on catalyst activity and yield of product were also studied.
Materials and method

Materials
Cobalt (II) nitrate hexahydrate, Co(NO 3 ) 2 .6H 2 O was used as the catalyst and supported on the two selected porous materials of the oil palm shell activated carbon (OPS-AC) and zeolite ZSM-5. The OPS-AC was purchased from Multi Filter Sdn Bhd (Malaysia). The OPS-AC was washed with distilled water to remove impurities and dried in oven at 110°C overnight. Zeolite ammonium ZSM-5 powder (CBV8014, Si/Al = 40) was supplied by Zeolysts International and used without further modification. The cobalt metal precursor was supplied by Friendemann Schmidt.
Catalysis synthesis
The cobalt catalyst precursor was dissolved in distilled water and loaded onto the supports via a wet impregnation method by varying the ratio of 6.0 and 14.0 wt%. The mixtures were stirred by using a magnetic stirrer plate at room temperature overnight. After the impregnation, the catalysts were dried in the oven at 110°C for 3 days to remove moisture. Only cobalt supported ZSM-5 catalysts were calcined at 823 K for 5 hr at a heating rate of 10°C/min (Izirwan, Mohd, and Saidina Amin 2013) . The prepared cobalt catalysts of OPS-AC and ZSM-5 supports were denoted as OPS-AC(0), OPS-AC(6), OPS-AC (14), ZSM-5(0), ZSM-5(6), and ZSM-5(14), respectively.
Characterization
The X-Ray Diffraction (XRD) analysis was conducted by using a benchtop X-Ray Diffractometer Rigaku Miniflex II with Cu Kα radiation (λ a = 0.1541 nm). The setting parameters were at the step size of 0.02 and scan speed of 0.3 s/step. The operating conditions of X-ray tube were at 10 kV and 50 pA. The N 2 adsorption-desorption experiments were conducted at 77 K using a Micromeretics ASAP 2020 V4.00 surface area and porosity analyzer. Prior to the experiment, the samples were degassed at 473 K for 5 h. The Brunauer-Emmett-Teller (BET) surface areas were obtained for the adsorption data from 0.05 to 0.30 in relative pressure. The obtained Y-intercept was a positive value to validate the BET model with a good co-efficient correlation of more than 0.99. Meanwhile, micropore volume and micropore surface area were deduced from the t-method. The difference of the total pore volume and micropore volume corresponds to the mesopore volume. The surface morphology of the catalysts was observed with a Scanning Electron Microscope (SEM, Zeiss EV050). The images were captured in SEM mode at 10,000 times magnification. Energy dispersive X-ray (EDX) spectroscopy coupled with field emission scanning electron microscopy (FESEM) of Hitachi SU8020 was used to analyze the elemental composition of the OPS-AC. Temperature-programmed reduction of hydrogen (TPR) and desorption of NH 3 (TPD) were measured with an AutoChem II 2920 V4.03 supplied by Micromeritics. The catalyst samples (50 mg) were flushed with argon at 100°C to remove traces of water and then cooled to the initial temperature of TPR at 60°C. Then, TPR analysis was conducted using 10% H 2 in an argon gas mixture with a flow rate of 50 cm 3 STP/min and the samples were heated until 800°C at a ramp rate of 10°C/min. Prior to TPD analysis, 50 mg of catalyst samples were pretreated with helium and ramp to 500°C for cleaning the surface of the catalyst. Afterward, the temperature was reduced to 120°C and the sample was exposed to 10% NH 3 until fully saturated. The sample was flushed with helium for 60 min to remove physisorbed NH 3 existed on the catalyst surface. The experiment of TPD consisted of four consecutive TPD runs with the same catalyst sample. TPD analysis was performed using 10% NH 3 in a helium gas mixture with a flow rate of 30 cm 3 STP/min and the samples were heated from 60 to 800°C at a ramp rate of 10, 5, 15, and 20°C/min. The amount of desorbed NH 3 was monitored by a thermal conductivity detector (TCD). To further characterize the desorption behavior of both catalyst of ZSM-5 and OPS-AC, the TPD were analyzed with kinetic modeling provided by the AutoChem II 2920 V4 by quantifying the energy of desorption associated with a desorption peak. The numerical value of heat of desorption was calculated from the slope of the regression line.
Catalyst activity testing
A process flow diagram of the micro reactor system is illustrated in Figure 1 . A micro reactor system consists of a fixed bed reactor (length 300 mm × 10 mm ID) with a pressured condition, a piping system for the downstream and upstream of the reactor, a control panel and a computer system. The catalyst of 1 g was placed at the center of reactor by holding with quartz wool. The system was purged with N 2 for 0.5 h to remove the air content in the system and heated up to 923 K for another 30 min. The temperature of the system was slowly reduced to the room temperature. Afterward, the feedstock gases of CH 4 and CO 2 with the ratio of 1.2:1 was fed into the system until reaching a constant flow. The whole system was heated again to the desired operating temperature. The condition of the reactor was set at 3 bar, 923-1023 K, and 10,000 mL/h.g-cat.
Results and discussion
The XRD pattern of OPS-AC(0) exhibits two broadening peaks observed at 2-theta = 23°and 43°which are assigned to activated carbon. In Figure 2 (a), the magnitudes of the two broadening peaks were reduced significantly after the impregnation of cobalt catalyst onto the OPS-AC. However, no significant diffraction peaks of cobalt metal were observed in OPS-AC(6) and OPS-AC(14) due to overlapping of the broadening peaks of activated carbon and at the same time the relatively strong signals of activated carbon were partly shielded. The XRD patterns for Co/ZSM-5 showed the similarity in reduction of peaks after the impregnation are depicted in Figure 2(b) . Furthermore, the reductions of peaks for both supports were apparent with the increase of cobalt loadings. The typical spinel phase of cobalt oxide (Co 3 O 4 ) of ZSM-5(6) and ZSM-5(14) was found at 2-theta = 30.2, 37.0, 45.2, 58.3, and 65.4°. The crystallite diameters of metal particles were calculated using Eq. (1) from the Co 3 O 4 peak at 2ϴ of 37°, which was the most intensed peak.
where D is the mean of crystallite diameter, K is Scherrer constant, λ is the X-ray wave length (0.1541 nm), and B is the full width half maximum (FWHM) or Area /Height of the Co 3 O 4 diffraction peak. Table 1 lists the calculated mean diameters of the crystallites using both methods of FWHM and integral breath. The integral breath method is less accurate due to the overlap of peaks which is difficult to determine, where the intensity of the peak tails end and the background begins. The crystallite sizes of metal particles in ZSM-5 were reduced with the increased cobalt loadings from both calculations. However, the sizes of cobalt crystallite in OPS-AC(6) and OPS-AC(14) were not calculated due to the absence of diffraction peaks of cobalt oxide (Co 3 O 4 ). The reduction in crystallite size may increase the dispersion of cobalt particles which enhanced the reaction activity. However, small cobalt particles tend to aggregate significantly than large cobalt particles leading to reduced reaction activity (Xiong et al. 2011) . The N 2 adsorption-desorption isotherms of OPS-AC(0) and OPS-AC (6) in Figure 3 (a) were a Type I of the International Union of Pure and Applied Chemistry (IUPAC) classification showing a marking microporous behavior. The steep initial region of the isotherm represented the higher adsorption energy and filling of micropores. The latter region of the isotherms signified the limiting value of the plateau, which was due to the filled pores and essentially zeros external areas. However, Figure 3 (b) exhibits a Type II isotherm with the small hysteresis indicating the capillary condensation in mesopores of ZSM-5(0) and ZSM-5(6). The low slope region in the middle of isotherms indicated the first few multilayers on external surface including meso and macropores without reaching a saturation limit due to an indefinite multilayer formation. The significant increase in adsorption starting from p/pº > 0.5 and hysteresis loops in the desorption branch were observed, indicating the presence of mesopores in ZSM-5 (Jae et al. 2011) .
The pore size distributions of both supports of OPS-AC and ZSM-5 are exhibited in Figure 4 . The highest pore size distribution for OPS-AC(0) and OPS-AC(6) was at the pore width 12 and 8 Å, respectively. In general, the pore size distributions of both OPS-AC(0) and OPS-AC(6) were comparable in narrowing range from 8 to 12 Å. On the contrary, the pore size distributions of ZSM-5(0) and ZSM-5(6) showed a broader range up to 500 Å. In addition, the highest distribution for ZSM-5(0) and ZSM-5(6) was at 6 and 22 Å, respectively. The pore width of ZSM-5 was larger than OPS-AC due to the mesoporous type of ZSM-5 and microporous type of OPS-AC.
In general, the total pore volume of ZSM-5 was slightly higher than of OPS-AC as listed in Table 2 . However, even the total pore volume of OPS-AC was comparatively lower but the micropore volume of OPS-AC was found higher than ZSM-5. This is in parallel with the previous explanation in Figure 3 that OPS-AC showed a typical Type I consisting of the mass micropores. In contrast, ZSM-5 exhibited richer in mesopore volume which was represented by the middle portion of isotherm showing the unreached saturation limit. The BET surface area of OPS-AC showed a greater value than of ZSM-5 with the representative value of the micropore surface area. However, ZSM-5 exhibited an almost equal value of micropore and external surface areas. In comparison, the pore size of ZSM-5 was almost two times bigger than of OPS-AC. However, both supports indicated less total pore volume and surface area due to the impregnation of cobalt catalysts. Both ratios of the micropore to mesopore for the surface area (S micro /S meso ) and volume (V micro /V meso ) of OPS-AC were greater than ZSM-5. The conversions of CH 4 and CO 2 were increased with increasing cobalt loading, which suggests the active metal particles were evenly distributed over the higher surface area of OPS-AC. ZSM-5 catalyst produced H 2 /CO ratio of more than unity, which may be due to CH 4 decomposition from the excess of CH 4 in the feed (CH 4 /CO 2 ratio of 1.2:1.0). However, OPS-AC(6) catalyst produced H 2 /CO ratio of less than unity may be due to the reverse water gas shift reaction which consumes CO 2 and H 2 with the generation of CO. H 2 /CO ratio of OPS-AC(14) was 1.2:1.0 when the cobalt loading and reaction temperature were increased which may have suppressed the reverse water gas shift reaction. The SEM images of OPS-AC(0) and OPS-AC(6) are presented in Figure 5 . As shown in Figure 5(a) , the pores are obviously discovered on the surface of OPS activated carbon in variant sizes. However, the pores on the surface of OPS-AC were not present due to the impregnation and the available pores were fully covered with cobalt particles as shown in Figure 5 (b). Furthermore, the cobalt particles of the catalysts were found to be scattered on the surface and showed nonuniform distributions. Besides the availability of cobalt particles found on the surface of OPS-AC(6), the reductions in intensity of XRD of OPS-AC as previously mentioned have further supported the success impregnation of cobalt catalysts. Figure 6 exhibits the SEM images of ZSM-5(0) and ZSM-5(10). The surface of ZSM-5 was observed with the aggregation of zeolite particles as shown in Figure 6(a) . After the impregnation with the cobalt precursor, the cobalt catalyst particles were hardly differentiated from the zeolite particles. However, the reduction in intensity of XRD peaks of ZSM-5 suggested the success impregnation of cobalt catalysts. The FESEM image showed the available pores on the surface of OPS-AC as illustrated in Figure 7 . The pores were detected in different sizes and shapes, but micropores were found in major as supported by the micropore surface area ( Table 2 ). The elements of OPS-AC were analyzed by FESEM-EDX and tabulated in Table 3 . The major element was carbon at almost 94 wt% and the remaining content was oxygen. Hence, the content in OPS-AC was greatly richer in carbon with the minimal impurities which represented a good selection of activated carbon. Table 4 summarizes the temperature-programmed reduction (TPR) profile of ZSM-5 and OPS-AC catalysts with and without the impregnation of cobalt. OPS-AC(0) having oxygen-containing functional groups on its surface exhibits a TPR profile with a broad reduction peak at high temperature of 618°C. The TPR profiles of ZSM-5 (0) and OPS-AC(0) exhibited no peak that was assigned to cobalt oxide phase. However, the TPR profile of OPS-AC(6) exhibited two hydrogen consumption peaks at 355°C and 521°C. The first reduction peak at 355°C was attributed to the partial reduction of Co 3 O 4 to CoO. While the latter reduction peak at 521°C was attributed to the further reduction of CoO to metallic cobalt. The TPR profile of ZSM-5(6) showed a singlet peak at 325°C, which was attributed to the single-step reduction to metal cobalt. Therefore, the two-step reductions of reducible cobalt species were only observed for OPS-AC but a singlestep reduction was for ZSM-5(6). The high concentration of H 2 consumption which was calculated from the peak area of the reduction peaks (OPS-AC(6) 7.2, OPS-AC(14) 54.4, ZSM-5(6) 11.1 mmol) presented a high reduction of the active cobalt species.
The calculated results of the desorption activated energy of NH 3 on ZSM-5 and OPS-AC are exhibited in Figure 8 . The desorption activation energy of ZSM-5(0) was higher than of OPS-AC(0). The higher the desorption activated energy, the more difficult the desorption of NH 3 from the adsorbent (ZSM-5 or OPS-AC). When both supports of OPS-AC and ZSM-5 were impregnated with cobalt, the desorption activation energy of ZSM-5 were further reduced but inversely showed an increase in the desorption activated energy of OPS-AC. The higher in desorption energy of OPS-AC indicates the presence of active cobalt particles over the surface due to the cobalt impregnation. Moreover, the high mesopore volume and external surface area of ZSM-5 may assist the NH 3 desorption which lower the desorption activation energy, so it was easy to be desorbed. However, the small molecular size of NH 3 may enter to the intricated micropores of OPS-AC, which aggravate the NH 3 desorption and increase the desorption activation energy of OPS-AC. Figure 9 illustrates the conversions of CH 4 and CO 2 data versus time (min) for ZSM-5 and OPS-AC catalysts at two different operating temperatures. The conversions of CH 4 and CO 2 were increased when increasing the cobalt content from 6 wt% to 14 wt% for both supported catalysts. The high surface area of the supports may have enhanced the distribution of active cobalt particles when increasing cobalt loadings. The presence of active cobalt particles due to the increased cobalt loadings was supported by the increase of H 2 consumptions in the TPR profiles as summarized in Table 1 . In comparison, OPS-AC supported cobalt catalysts demonstrated higher conversions of CO 2 and CH 4 for both temperatures at 923 and 1023 K. CO 2 conversion of OPS-AC was higher than CH 4 conversion which suggests that the reverse water gas shift reaction may precede the water gas shift reaction. The low ratios of H 2 /CO for OPS-AC catalysts have supported the presence of the reverse water gas shift reaction which generates more CO. However, OPS-AC (14) exhibited the ratio of H 2 /CO at 2.1:1.0 suggesting the reverse water gas shift reaction was suppressed at higher temperature of 1023 K. Meanwhile, ZSM-5 zeolite supported cobalt catalyst showed higher conversion of CH 4 than CO 2 when increased cobalt loadings. The high ratio of H 2 /CO for ZSM-5(14) may be due to methane decomposition which produces more H 2 . In addition, the ratio of H 2 /CO for ZSM-5(14) was further increased when increasing the temperature at 1023K which favors the dehydrogenation of methane at high temperature. However, both of OPS-AC(14) and exhibited the reduction in the conversions (CO 2 and CH 4 ) when the temperature was increased from 923 to 1023 K. The reduction in the conversions may be due to the formation of carbonaceous substance on the catalyst known as coking activity. The formation of carbonaceous material on the catalyst is favorable at higher temperature resulting in less catalytic activity of the catalysts. Although the conversions of CO 2 and CH 4 were found to be reduced at higher temperature for both catalysts, syngas products (H 2 and CO) were in favor in their yields. Figure 10 presents the H 2 yield of cobalt supported OPS-AC was higher than ZSM-5 zeolite. The yields from both supports with 6 wt% loading (6wt% Co/OPS-AC and 6wt% Co/ZSM-5) were very low at 923 K due to the endorthermic reaction of dry reforming preferred high temperature. However, the yield of CO surged for 6wt% Co/OPS-AC after increasing the temperature from 923 to 1023 K which may be due to carbon gasification from the carbon element in OPS-AC. In general, the reaction of dry reforming over a carbon catalyst may proceed by two side reactions: CH 4 decomposition and CO 2 gasification of the generated carbonaceous materials (Fidalgo, Arenillas, and Menéndez 2010) . No production of syngas for 6 wt% Co/ZSM-5 even after the increase of temperature from 923 to 1023 K was observed which may be due to the deactivation of the catalyst owing to the low cobalt content (San José-Alonso, Illán-Gómez, and Román-Martínez 2013). Based on the previous catalyst characterizations, Co/OPS-AC has larger surface area and higher micropore volume than Co/ZSM-5. The OPS-AC supported cobalt catalyst was also better in chemical properties with the active cobalt particles. Both physical and chemical properties of Co/OPS-AC catalysts have immensely favored the reaction of carbon dioxide reforming of methane.
Conclusions
In this work, the physical and chemical properties of both ZSM-5 and OPS-AC supports were investigated. The catalytic activity of both supported cobalt catalysts in the CO 2 reforming of methane has also been studied. It was observed the catalytic performance of OPS-AC supported cobalt catalysts were better than ZSM-5 supported cobalt catalysts. Therefore, the cobalt based OPS-AC support has potential in the catalytic conversion of dry reforming of methane. OPS-AC(14) catalyst gave highest conversions (CO 2 and CH 4 ) and yields (H 2 and CO) due to the large surface area, micropore volume and enhanced catalyst activity for reforming of methane. In addition, OPS-AC(14) catalyst exhibited the increase in catalyst activity and also H 2 /CO ratio at high temperature of 1023 K.
